Mesenchymal stromal cell (MSC) therapies have become potential treatment options for multiple ailments and traumatic injuries. In the clinical setting, MSC are likely to be co-administered with local anesthetics (LA) which have been shown to have dose-and potency-dependent detrimental effects on the viability and function of cells. We previously developed and characterized a sustained-release LA delivery formulation comprised of alginate-encapsulated liposomal bupivacaine. The current studies were designed to evaluate the effect of this formulation on the secretion of three key MSC regulatory molecules, interleukin 6 (IL-6), prostaglandin E2 (PGE2), and transforming growth factor-beta 1 (TGF-β1). MSCs were treated with several bupivacaine formulations-bolus, liposome, or alginate-liposome construct (engineered construct)-in the presence or absence of inflammatory stimulus to stimulate an injured tissue environment. Our results indicated that compared to bolus or liposomal bupivacaine, the engineered construct preserved or promoted MSC anti-inflammatory PGE2 secretion; however, the engineered construct did not increase TGF-β1 secretion. Bupivacaine release profile analyses indicated that mode of drug delivery controlled the LA concentration over time and pathway analysis identified several shared and cytokine-specific molecular mediators for IL-6, PGE2, and TGF-β1 which could explain differential MSC secretion responses in the presence of bupivacaine. Collectively, these studies support the potential utility of alginate-encapsulated LA constructs for anti-inflammatory cell therapy coadministration and indicate that mode of local anesthetic delivery can significantly alter MSC secretome function.
Introduction
Local anesthetics (LA) are commonly used to mitigate pain associated with surgical and non-surgical procedures, thereby promoting faster and more efficient patient recovery [1] . These reversible nerve blocks provide pain relief [2, 3] , which helps patients both during procedures and during post-surgical healing periods. However, despite their advantages, LA have also been shown to have detrimental effects on non-target cells and tissues. For example, multiple studies have demonstrated that common amide LA, such as bupivacaine, have cytotoxic effects in potency-, concentration-, and time-dependent manners on neurons [4] and non-target cells such as chondrocytes [5, 6] , fibroblasts [7] , and macrophages [8] ; which indicates that LA could significantly affect healing and regeneration processes. Therefore, as mesenchymal stromal cell (MSC) therapies become more popular treatment options for a wide range of diseases and traumatic injuries such as autoimmune conditions, wound healing, osteoarthritis, and neurodegenerative disorders and traumas [9] , the interest in understanding the effects of co-administered LA has increased [5, 10, 11] .
MSCs are a heterogeneous population of multipotent, adult stem-like cells which can be isolated from multiple tissue sources [12] [13] [14] . These cells are non-immunogenic, have migratory potential, and control many physiological functions, which are largely mediated by paracrine secretion [12, [14] [15] [16] [17] . LA affect MSC function via secretome and other changes [18] , resulting in reduced proliferation [11] , differentiation potential [6] , lipid metabolism [11] , mitochondrial respiration [11] , adhesion phenotype [5] , and viability [5, 8, 10, 11, 18] .
Recent studies in our laboratory demonstrated that bolus bupivacaine reduced MSC prostaglandin E2 (PGE2) secretion, a key factor responsible for attenuating inflammatory M1 macrophage activity, and also converting macrophages from pro-inflammatory to anti-inflammatory M2 cells [8] . Therefore, new LA delivery strategies are needed that preserve MSC function while still providing sustained pain relief to the patient.
Previous formulations developed to provide controlled LA release include hydrophobic-based polymers [19] , poly(lacticco-glycolic acid) microspheres [20] , injectable paste and solid polymers [21] , and liposomes [22] among others [23] . From these formulations, only Exparel® (liposomal bupivacaine) has been approved for clinical use by the Food and Drug Administration (FDA). Nevertheless, this product only provides consistent analgesia for 24 h and has considerable constraints such as dose-dumping which could release toxic concentrations of bupivacaine [24] .
While encapsulating bupivacaine into liposomes enables a slower drug release [25, 26] , to further extend bupivacaine's release profile, we encapsulated the drug-containing liposomes within an alginate hydrogel, which extended drug release up to 4 days [24] . Previously, we showed that in the presence of 1 mM bolus bupivacaine, MSC function, characterized by interleukin 6 (IL-6) and PGE2 secretions, was impaired [27] . Therefore, in order to evaluate the effect of our construct on MSC secretory function, we compared and quantified the MSC secretory profiles of these functionally distinct moieties, IL-6, PGE2, and TGF-β1, in co-culture with bolus, liposome, or alginate-liposome constructs. Our results indicate that LA presentation mediates unique temporal secretory responses. These studies support the potential utility of alginate-encapsulated LA constructs for cell therapy coadministration but also suggest that the mode of LA administration should be evaluated for functionally specific clinical outcomes.
Materials and methods

Chemicals and reagents
Bupivacaine and other chemicals were purchased from Sigma Aldrich (Oakville, Ontario, Canada), unless otherwise stated. All cell culture reagents were purchased from Thermo Fisher Scientific (Waltham, MA), unless otherwise stated.
Liposomes containing bupivacaine
The liposomes were formed using a dehydration-rehydration protocol, as previously described by Maguire et al. [24] . Briefly, hydrogenated soy phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) and cholesterol were combined in a 7:3 M ratio in a round bottom flask to create a lipid and dried via rotovap under vacuum. The lipid film was re-suspended with distilled water and incubated while spinning for 2 h at 55°C. The resulting solution was snap frozen and lyophilized overnight. The lipid was then suspended in 70 mg/mL bupivacaine-HCl and extruded through polycarbonate membranes 21 times to produce small 200-μm unilamellar liposomes. The solution was eluted through a Sephadex G-50 size exclusion column with 0.9% saline to purify the liposomes.
Alginate encapsulation of liposomes
Alginate encapsulation of liposomes was done as previously described [24] . Briefly, 2.2 wt% ultrapure alginic acid (MW 100,000-200,000 g/mol, G content 65-70%, FMC Biopolymer AS, Sandvika, Norway) was prepared by using ultrapure water and stirring the solution at 65°C. The alginate was filtered using a 0.22-μm pore syringe filter (Fisherbrand). Bupivacaine-loaded liposomes were mixed, in various volumes based on the target drug concentration of 1 mM, with 2.2 wt% alginate and deposited on Transwell inserts (Corning). Then, the inserts containing the liposome alginate mixture were submerged and left to polymerize as a hydrogel sheet for 10 min at room temperature in a 150 mL bath containing 100 mM CaCl 2 , 145 mM NaCl, and 10 mM MOPS. The hydrogels were washed with PBS before they were added to cells.
MSC culture and treatment conditions
Human bone marrow-derived MSCs (Institute for Regenerative Medicine, Texas A&M College of Medicine) were cultured as previously described by Maguire, et al. [24] . Briefly, MSCs were thawed at passage 2 and cultured as a monolayer at 300,000 cells in a T-175 flask in a humidified 37°C, 5% CO 2 incubator [18] . Cells were cultured in Minimum Essential medium α containing no deoxy-or ribonucleotides, and supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Flowery Branch, GA), 2 mM Lglutamine, 1 ng/mL basic fibroblast growth factor, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were grown until 70% confluence, trypsinized, and plated at 12,000 cells/well (6000 cells/cm 2 ) in a 24-well plate. Cells were left to attach overnight before starting the experiments.
Cell culture media was replaced with fresh fully supplemented media or activation media containing 25 ng/mL of TNF-α and IFN-γ (R&D Systems, Minneapolis, MN, USA). Then, Transwell inserts (Corning) containing the different treatment conditions (media, 1 mM bolus bupivacaine, 1 mM bupivacaine-loaded liposomes, or 1 mM alginateliposome construct) were added to the MSC cultures and incubated for 24, 48, or 96 h in a humidified 37°C, 5% CO 2 incubator.
Cytokine measurement
Cell culture supernatants collected from MSC and co-cultures were thawed and tested for different cytokines using enzymelinked immunosorbent assays. IL-6, TNF-α, TGF-β1 (Biolegend, San Diego, CA, USA), and PGE2 (Cayman Chemical, Ann Arbor, MI, USA) were all measured according to the manufacturer's instructions. Absorbances were measured using a microplate reader (DTX880 Multimode Detector, Beckman Coulter).
Pathway analysis
Differentially secreted cytokines were analyzed for overlapping and interacting molecular networks, pathways, and cellular functions using Ingenuity Pathway Analysis software (IPA, QIAGEN, Redwood City, CA, USA). Custom pathways were then established to link anesthetics and deferentially secreted proteins by overlapping upstream regulators using My Pathways and Path Designer functions [27] .
Bupivacaine release profile data analysis
Approximate bupivacaine concentrations at different time points for the three setups were determined using previously published data by Maguire et al. [24] . A computational model was developed using a bupivacaine half-life of 2.7 h [28] . For bolus, 1 mM was assumed to be the concentration at t = 0, with no additional bupivacaine released afterwards. Therefore, the decrease in bolus concentration is due solely to degradation. For the sustained release systems-liposomal bupivacaine and the engineered construct-differences in concentrations were calculated in intervals to mimic the in vitro environment. For liposomal bupivacaine, concentrations were calculated for 8-h increments until 48 h. From 48 to 96 h, it was assumed that no additional bupivacaine was released (based on data by Maguire et al. [24] ). For the construct, concentrations were calculated for 8-h increments until 96 h. Bupivacaine concentrations at each increment, following application of the half-life, were added together to give a total bupivacaine concentration at each time point for each system. Correlations were calculated using MATLAB version R2015a (Mathworks, Natick, MA, USA).
Statistics
Statistical differences among the data were determined using Student's t test for unpaired data or analysis of variance (ANOVA) followed by Fisher's least significant difference (LSD) post hoc analysis with a significance level of α = 0.05 in Kaleida-Graph software version 4.1 (Synergy Software, Reading, PA, USA). Data points represent the mean ± the standard error of the mean (SEM) for the indicated number of independent observations (n).
Results
Effect of engineered hydrogel-liposome construct on basal MSC secretion MSC anti-inflammatory function is largely controlled by their secretome, which is particularly sensitive to microenvironmental changes. Therefore, initial studies were designed to compare and quantify secretion of two molecules, IL-6 and PGE2. IL-6 is constitutively secreted by MSC in large amounts regardless of their state, and is therefore a good indicator of overall MSC function [18] , while PGE2 has a prominent role in regulating anti-inflammatory MSC function. As indicated in Fig. 1a , while MSC secretion in the presence of both bolus and liposome bupivacaine were almost identical to control, incubation with the engineered construct resulted in increased IL-6 secretion over time, with a significant increase relative to all other conditions at 96 h. The rate of IL-6 secretion, indicated by the slope of the line between the points, was relatively consistent until 48 h, after which the rate of IL-6 secretion in the construct increased relative to that of the other conditions (Fig. 1b) . In general, these studies indicated that while IL-6 concentrations continued to increase throughout the culture period, LA delivery system had a significant effect on IL-6 MSC secretion profiles.
W h i l e I L -6 c a n pr o m o t e b o t h p r o -a n d an t iinflammatory functions, depending on the tissue state [29, 30] , MSC anti-inflammatory function is largely mediated by specific secreted products including the smallmolecule PGE2 [17] which is directly responsible for both attenuating pro-inflammatory M1 macrophages and promoting anti-inflammatory alternative M2 macrophages. We previously showed that bolus LA can negatively affect MSC PGE2 secretion [18] . Therefore, in order to test the feasibility of protecting MSC function with our engineered hydrogel-liposome construct, we measured the PGE2 concentration from bupivacaine-treated MSC supernatants. As shown in Fig. 2 , after 24 h of exposure to bolus and liposomal bupivacaine, the PGE2 concentration was significantly lower than media controls. However, while cells exposed to bolus bupivacaine recovered over time, secreting more PGE2 at 96 h, the cells exposed to the liposomal bupivacaine recovered slightly, but not above media controls. In contrast, MSC exposed to the engineered hydrogel-liposome construct continued to secrete PGE2, with significantly higher secretion levels at the 96-h time point.
Effect of engineered hydrogel-liposome construct on activated MSC secretion
Since the alginate-liposome construct will be used in a perioperative setting, it is expected to encounter an inflammatory environment. IL-6 has been shown to be secreted by both nonactivated and activated MSCs, allowing it to be used as an indicator of MSC function even in inflammatory settings [18] . As indicated in Fig. 3a , MSC activated with IFN-γ/ TNF-α significantly increased IL-6 secretion at 48 and 96 h compared to all other conditions. The rate of IL-6 secretion was similar for bolus, liposome, and media controls, whereas it was greatly increased in the construct anesthetic condition (Fig. 3b) .
Next, we assessed the effect of LA presentation on activated MSC secretion of PGE2. Consistent with that of our previous studies [18] , we demonstrated that in the presence of 1 mM bolus bupivacaine, PGE2 secretion from TNF-α/INF-γ activated MSC did not decrease after 48 h. However, after both 48 and 96 h of culture, activated MSC had significantly higher PGE2 secretion over time in the presence of the alginate-liposome construct (Fig. 4) .
Effect of engineered hydrogel-liposome construct on MSC TGF-β1 secretion
In addition to their immunomodulatory functions, MSCs also promote tissue repair and regeneration [31] . For example, the ) is the mean ± SEM of n = 9 independent observations. An asterisk indicates < 0.005 all conditions at time point secretion of multiple factors, including transforming growth factor-beta (TGF-β1), facilitates processes such as wound healing [32] and chondrogenesis [33] . Due to the possible site applications for a sustained-release anesthetic-MSC therapy, and given the effect of LA administration mode on PGE-2 secretion, we analyzed TGF-β1 to determine if the construct preserved potential MSC chondrogenic function as well.
As indicated in Fig. 5a , MSC TGF-β1 secretion was reduced by the construct relative to bolus bupivacaine administration; however, this was only significant at 48 h. At 24 h, both bolus and construct demonstrated increased TGF-β1 secretion compared to media control, and by 96 h, relative TGF-β1 values were similar, regardless of the anesthetic vehicle. The rate of TGF-β1 secretion, as indicated by the slope In addition, we examined TGF-β1secretory responses in an inflammatory milieu. As indicated in Fig. 6 , activated MSC TGF-β1 secretion was significantly reduced in the construct anesthetic condition compared to the bolus dose condition at 96 h. No other time points or conditions were significantly different.
Pathway analysis
To investigate the link between secretion changes in an inflammatory milieu and bupivacaine exposure, we performed is the mean ± SEM of n = 5-9 independent observations. Some observations were not detected. An asterisk indicates < 0.01 bolus at time point a pathway analysis using the Ingenuity Pathway Analysis (IPA) software. By using IPA, previous studies performed by our group suggested that bupivacaine affects MSC cellular functions and secretion patterns depending on their stimulation state [27] . To further understand the MSC secretion patterns observed here, we searched for overlapping and interacting molecular signatures using IPA and its functions My Pathways and Path Designer. Using these functions, which establish relationships between gene products/ molecules by the action of mediators using the Ingenuity Knowledge Base, we were able to identify molecular mediators that are affected by bupivacaine and which, in turn, may differentially affect IL-6, PGE2, and TGF-β1 behavior. As specified by IPA, IL-6, PGE2, and TGF-β1 share several molecular mediators, including p38 mitogen-activated protein kinases (p38 MAPK), reactive oxygen species (ROS), and calcium (Ca 2+ ) that under the effects of bupivacaine can exert changes in their expression and secretion. In addition, TGF-β1 and IL6 shared jun-proto-oncogene/activator protein 1 ( J U N ) w h i l e T G F -β 1 a n d P G E 2 s h a r e d hydroxyprostaglandin dehydrogenase 15-(NAD) (HPGD). IL-6 had two unique molecular signatures junD protooncogene (JUND) and FOS like 1/AP-1 transcription factor subunit (FOSL-1). In addition, PGE2 is a molecular mediator of TGF-β1 and IL-6. With this information, we were able to build a custom pathway showing these molecular interactions (Fig. 7) . While the three secreted molecules share common molecular mediators, they also exhibit unique regulatory elements, suggesting differential bupivacaine regulatory effects.
Bupivacaine release profiles
Given the fact that bupivacaine presentation mode had a significant effect on MSC secretions over time, we estimated the release profiles based on the measured released LA concentrations [24] and the half-life of bupivacaine [28] in order to gain further insight into the factors that may control differential bupivacaine effects on MSC secretion. Bupivacaine concentrations over time were calculated, as seen in Fig. 8 . Bolus concentrations drop drastically, with the concentration at 8 h less than 13% of the original dose. By 24 h, 0.2% of the original dose remains in solution. Liposomal concentration peaks at 8 h, with~33% of the total dose released. Within 24 h, 69% of the total intended concentration is released [24] , and the amount in solution remains at~26%. By 48 h, bupivacaine concentration drops to 2%. In contrast, construct concentration remains fairly constant for most of the 96 h analyzed. For the first 24 h, the concentrations peaks at 10% and then remains around 8%. The concentration drops to 6% at 48 h and to~2% at 96 h.
In order to further understand the effect of different anesthetic conditions on MSC secretion, data correlations were established using the calculated concentrations (Fig. 8) and the secretion profiles for IL-6, PGE2, and TGF-β1. The correlations between secretion concentration and either bupivacaine or time are described in Figs. 9 and 10, respectively. Values are listed in Tables 1 and 2 . In general, IL-6 levels trended higher over time, and lower in the presence of increased bupivacaine concentration, regardless of the presentation mode. PGE2 concentrations trended lower over time in all cases except in the presence of the engineered construct. TGF-β1 concentrations trended higher over time, and lower in the presence of increased bupivacaine in all cases. This analysis supports the conclusion that bupivacaine, as well as its presentation mode and release profile, has differential effects on individual MSC secretome components.
Discussion
Due to their regenerative and immunomodulatory potential, MSCs have been evaluated in the past several years as potential cell-based therapeutics for many applications including joint repair procedures [5, 6, 34, 35] . These procedures often necessitate administration of LA to minimize patient pain and discomfort. Therefore, understanding the effects of LA on MSC function has become critical to guarantee optimal clinical outcomes [5] . Several studies, including our own, have demonstrated that relevant clinical doses of LA have adverse effects on MSC therapeutic potential. As a result, the development of new LA formulations that allow for coadministration of MSC therapeutics and LA is needed. A recent publication by our group described the development and initial characterization of an engineered hydrogel-liposome construct containing alginate-encapsulated liposomal bupivacaine that allows for the sustained release of low doses of bupivacaine for a minimum of 4 days [24] . In addition, after 4 days of continuous culture, the constructs yielded significantly greater MSC viability than either the liposomal bupivacaine or the bolus dose of bupivacaine [24] . Preliminary studies indicate the efficacy of construct injection into the site of injury (data not shown). However, the effect of this construct on MSC function was not addressed in those studies.
Therefore, the current studies aimed to investigate the effects of the engineered hydrogel-liposome construct on MSC secretory function compared to other bupivacaine formulations currently used in the clinical setting (bolus dose and liposomal bupivacaine). TNF-α/INF-γ-activated and nonactivated MSCs were treated with 1 mM of the bolus, liposomal bupivacaine, and construct as previously described [24] for 24, 48, and 96 h and their supernatants were analyzed.
In order to understand MSC function in the presence of engineered hydrogel-liposome constructs, constitutive IL-6 and immunomodulatory PGE2 levels were analyzed. Previous data showed that a bolus dose of 1 mM bupivacaine significantly reduced IL-6 secretion compared to media control [18] . Our studies showed that with the engineered hydrogel-liposome construct, IL-6 secretion was significantly increased compared to bolus dosing at 96 h. Moreover, IL-6 secretion was also higher in the presence of the construct than for media controls, suggesting that the construct promoted increased activity. To understand why IL-6 was almost twofold higher than media control conditions, we analyzed the effect of alginate on IL-6 secretion and found no effect (data not shown). This suggests that MSC may be stressed by the continual presence of low, but relatively constant, amounts of bupivacaine. Given that low stress levels are known to improve function [36] , future studies will examine the expression of stress proteins in the presence of different anesthetic formulations.
Similarly, we have shown that PGE2 secretion is significantly reduced in MSC treated with 1 mM bolus bupivacaine [18] . Since PGE2 is an important modulator of immune cells capable of inducing a phenotypic switch from proinflammatory TNF-α-secreting M1 macrophages to inflammation-resolving IL-10-secreting M2 macrophages, low PGE2 secretion could functionally impair MSC therapeutic potential. However, MSC exposed to the engineered hydrogel-liposome construct secreted higher levels of PGE2 at all times compared to other LA formulations and media controls. This indicates that the construct not only preserves MSC PGE2 secretory function but also promotes it over time.
Since MSCs have a wide range of functions that are mediated by their secretome, including tissue repair and regeneration, we investigated the effect of the engineered hydrogelliposome construct on MSC's TGF-β1 secretion which is a multifunctional growth factor involved in various biological cascades, such as cellular proliferation, differentiation, and migration [37] . MSCs that produce TGF-β1 among other regenerative factors could be used as a treatment for degenerative diseases such as osteoarthritis. Interestingly, after 96 h of continuous culture, the MSC's TGF-β1 secretion was impaired for the liposome and engineered hydrogel-liposome construct treatments. In contrast, MSCs exposed to 1 mM [24] and a half-life of 2.7 h [28] , the estimated concentration of bupivacaine was determined for the three anesthetic conditions. The percentage of total drug concentration (1 mM) is shown. Concentrations for liposome and construct were determined for 8-h increments until 48 and 96 h, respectively. It was assumed that no additional bupivacaine was released from the bolus and liposome after 0 and 48 h, respectively, based on the data from Maguire et al. [24] . At the different time points, degradation of bupivacaine was determined and added to the value from the previous 8-h segment, which yielded a total drug concentration at the different time points. Concentrations were plotted at 0, 8, 16, 24, 48 , and 96 h bolus bupivacaine secreted TGF-β1 levels comparable to that of basal media controls, a secretion pattern that was not observed for IL-6 or PGE2.
In order to simulate an injured tissue inflammatory environment, MSCs were stimulated with TNF-α/INF-γ, which allows for analysis of the construct in a more realistic environment. Our studies indicate that the construct elevated IL-6 secretion levels compared to all conditions at 48 and 96 h. Relative IL-6 levels peaked at 48 h for all conditions. This may be due to an elevated, stressed state for MSC at that time point. While the IL-6 concentration at 96 h was elevated compared to 48 h for all conditions (data not shown), the relative concentration compared to media dropped. The drop at 96 h for all LA conditions may similarly be due to stress response activation, but in this case, the combination of TNF-α/INF-γ activation along with LAmediated activation may have slowed down secretion of IL-6 compared to media controls. As previously observed for TNF-α/INF-γ activated MSC, PGE2 secretion patterns were more variable and did not necessarily correlate with trends observed for non-activated MSC [18] . Overall PGE2 secretion was higher than media controls for all bupivacaine formulations with peak secretion levels after 48 h of continuous culture. Interestingly, a drastic decrease in PGE2 levels was observed at 96 h in all conditions. Two possible explanations for this phenomenon may be (1) uptake and eventual degradation of TNF-α/INF-γ over time, as these cytokines have relatively short half-lives (minutes), or (2) MSC exhaustion due to continuous stimulation with activating factors. Further studies where MSCs receive fresh activation factors every day or where MSCs are pre-activated with TNF-α/INF-γ over longer time points are needed to more completely understand these observations. Correspondingly, MSC activated with TNF-α/INF-γ showed a differential TGF-β1 secretion pattern which did not resemble the non-activated MSC pattern. Previous studies have shown that TNF-α and INF-γ induce the expression TGF-β1 in other cell types [37, 38] . In this study, activated MSC TGF-β1 secretion levels at 24 h were higher than that of the non-activated MSC for all treatment groups. However, after 96 h of continuous culture in an inflammatory environment, the 1 mM bolus bupivacaine condition had higher TGF-β1 secretion than all conditions, followed by basal media controls, liposome treatment, and a significant drop of TGF-β1 levels for the construct. We hypothesize that the continuous presence of small doses of bupivacaine might be deleterious for MSC regenerative function and the presence of inflammation might enhance these effects.
To evaluate the relationship between secretome changes in the presence of bupivacaine and inflammation, we performed a pathway analysis using IPA. The molecular signatures evaluated in our studies for overall cell function (IL-6), antiinflammatory function (PGE2), and regenerative function (TGF-β1) shared molecular mediators such as p38-MAPK, ROS, and Ca 2+ that in the presence of bupivacaine should increase their expression and secretion [39] [40] [41] [42] . Some were regulators of each other, such as PGE2 increasing the expression of TGF-β1 [43, 44] and IL-6 [45, 46] in addition to TGF-β1 and IL-6 increasing the production of PGE2 [47, 48] . However, the secretion patterns observed in our studies differed for each cytokine and bupivacaine formulation over time. This could be due to differential effects of bupivacaine on the individual molecular mediators found for each cytokine or due to other molecular mediators that have not been identified yet as targets of bupivacaine action. Therefore, further studies with MSC are required to elucidate the mechanisms underlying the interaction of LA on cellular function and secretion.
With the purpose of further understanding the MSC responses to the LA formulations, we performed data correlations of cytokine concentrations with LA concentration or time. The correlation data hints to the severity that initial drug concentrations have on MSC function. Bolus dose, which has a high concentration initially, but is almost 0 at 24 h, continued to impede MSC secretion. The hydrogel-liposome construct on the other hand, which maintains a drug concentration of around 8% for most of the 96 h, maintained MSC secretion throughout the culture period. The IL-6 correlations, which have higher Pearson r values for the constructs compared to the other conditions, suggests that the initial LA insult affects MSC function even after the anesthetic is degraded and that maintaining a low anesthetic concentration, even for a longer period of time, is preferable to a higher dose for a shorter time frame.
Co-delivery of local anesthetics and MSC alters the MSC secretome. Depending on the method of delivery, some cytokines may be upregulated while others may be downregulated or unchanged. Collectively, our studies indicate that the engineered bupivacaine construct did not impede, and may even promote, MSC anti-inflammatory function, supporting its co-administration with MSC and perhaps other cell therapies. However, the presence of a controlled-release LA formulation may have detrimental effects on MSC regenerative Compliance with ethical standards The experiments published in this manuscript comply with current laws of the country in which they were performed.
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